Akstract -A fairly detailed physically-based model of the residential air condit$oning system is presented. It has been shown that the paramstors of tho model can be identified by making a sequenco of measuremonts of on/off cycles of the air conditioner and the onvironment variables. A scheme to determine aggregate demand of the air conditionors using duty factors is presented. The effect on energy consumption and poak duty fa9tor of change in model parameters is determined. Also, the effect of reduction in the supply voltage is studied using this model and it has been found that the steady state air conditioning load is insonsitivo to voltage reduction.
INTRODUCTION
The increases in the price of fuels and the projected shortage of fossil fuels have made energy a precious commodity. This has raised further concerns towards more effecient operation and planning of the electricity generation and distribution systems. The loads, which are fairly random in nature, are the driving force on the power system. Since enough is not known about theo load characteristics, simplifying assumptions have been made so far to model loads in various power system studies. This has resulted in uncertainities in the results of the system studies [1] . Hence, the need for better understanding of loads via better load models is apparent.
The load on a power system is created in response to the demand by the physical process taking place in devices or appliances. But most of the present day models incorporate no or very little insight into this internal physical process. These models, in general, have been b'ased on empirical methods using the bulk power data at the bus level. Thus they tend to limit the scope of work towards improving system performance because they' provide only a superficial understanding of the loads. To relax some of the overly restrictive assumptioQs used in the past and to extend the applicability of the load models, there have been attempts towards physically-based load modeling [2] [3] [4] [5] [6] [7] [8] [9] [10] .' These methods a,re ba'sed on modeling of load behavior from fundamental physical considerations. Therefore, the l-oads are Ipartitioned into mutually exclusive July 15 -20, 1984 . Manuscript submitted February 1, 1984 ; made available for printing May 22, 1984. been, developed for demand prediction [11] , cold-load pickup [12, 13, 14] etc. In this paper a general approach has been presented. The work presented has evolved out of previous work by Brice and Jones on load modeling [8, 9, 10] . Here the model development has been done with an intent to simplify computational requirements. The developed model is general enough to be suitable for several applications. This leads to an interesting idea of unified load 'modeling methodology [15] , in which all the different types of load models at all levels of aggregation (total system, individual bus) would be modeled by the same general approach. An important benefit of a unified load modeling methodology is that-new problems could be analyzed without the need to construct a new approach.
Air conditioning forms major part of the residential load in summer, and thus it offers potentials for controlling the total load on the system. Therefore, it has been chosen to develop and demonstrate the modeling technique. The dynamic behavior of the air conditioned house has been modeled from fundamental physical principles, i.e., the thermodynamics of the house and the effect of various environmental variables which affect transfer of heat into and out of the house. This model is a refinement of the circuit model used by Calloway and Brice [11] for average demand prediction.
The model, thus obtained, is a lumped parameter model where each parameter represents a physical quantity. However, accurate measurement of these quantities would be difficult because in reality they are distributed parameters. An alternate way to determine the values of these parameters is to use system identification techniques. A computer program based on the Maximum Likelihood principle has been developed to identify the parameters of the air conditioner model. Simulation has been used to check the identifiability of the model, and the model has been t'ested under a variety of simulation conditions.
Once the identifiability of the model is established, it is ready for application in various power system studies. In this paper, a scheme to determine the aggregate demand of a group of air conditioners is presented. Then, the effect of change in model parameters on the air conditioning demand and energy consumption is determined. Also, the model is used to study the effect of reduction in supply voltage on the demand of individual air conditioner and the aggregate demand. Potential applications of the model and topics for future research in this area are cited.
MODEL OF AN AIR CONDITIONED RESIDENCE
Several variables, such as, temperature, solar radiation, humidity, wind speed, air infiltration, etc., influence flow and storage of heat in a house in a very complex manner [16] [17] [18] [19] . Representation of every cosponent and process in detail will make model ing difficult and the model intractable. Also, too much modeling detail with too little information about parameter values can affect the fidelity of the model. Therefore, assumptions are made 'to obtain a simple yet 1419 fairly accurate model. The effect of only the major variables, i.e., temperature, solar radiation, air infiltration, humidity, and internal heat is taken into account while developing the model. The effect of other minor variables is incorporated by introducing noise terms in the model. On mathematically representing the effect of above mentioned variables, a lumped parameter equivalent circuit model is obtained, which is shown in Fig. 1 .
Rc
Thus, when calculating the wall temperature excursion, the room temperature can be assumed to be equal to the thermostat setting (average of the band), and for calculating on and off periods, the wall temperature can be assumed to be stationary. With these assumptions the original circuit can be split into two circuits as shown in Fig. 2 Most of the solar radiation and part of the internal heat do not heat the inside air directly, rather their energy is first absorbed by the walls, roof and other mass in the house, and then it is delivered to the inside air. Therefore, these two components (Ir for solar radiation and Im for internal heat) are combined to give Is. This current source is connected across Cw to represent the storage effect. Iinst is the current source for the instantaneous component of internal heat sources. The heat addition due to condensation of water vapor is represented by Icond. This condensation takes place only when the air conditioner is on.
The model also shows a switch (S), which represents the thermostatic control switch of the residential air conditioning system. A bang-bang type of thermostat is the most common type of control used in residential air condit ioning systems. The air conditioner switches on or off on a command from the thermostat, which has an error band (±Eb) associated with the setting (Ts). The Tt-"* RCtw
Most of the weather information, which is input to the model, is generally available at intervals of one hour. Therefore, it is reasonable to discretize this equation for a sampling period of one hour. Considering the inputs to be piecewise constant, the corresponding discrete equation is [21] Tw(k+l) = exp (-2/RwCw)Tw(k)
If we assume that the thermostat setting -is not changed, then for the kt hour the dynamics of the room temperature are represented by
Assume the system to be in steady state cycling and define ton(k) and toff(k) to be the on and off dulations in one cycle of the air conditioner at the ktn hour. Then, ton(k) is the time taken by the air conditioner to move the room temperature from Ts+Eb to Ts-Eb. Similarly, toff(k) is the time taken by the air conditioner to move the room temperature from Ts-Eb to Ts+Eb. ton (k) and toff(k) can be computed from equation (3) using the following boundary conditions On computing ton(k) and toff(k) and taking first order approximations using Taylor series we get
Now, define A(k) = l/toff(k) and j(k) = l/ton(k). Since the house dynamics are very slow, we can assume that toff(k) and ton(k) are very nearly the same for periods of one hour. Also, if we assume the system to be in steady state, then according to queuing theory [22] A(k) and tL(k) are rates of switching on and switching off, respectively. Upon inversion of equations (4) and (5) the following expressions are obtained for X(k) and 1±(k).
and
(7) Thus equations (2), (6) and (7) describe the system in state variable form. To account for modeling uncertainities process noise w(k), and measurement noise vl(k) and v2(k) are added to equations (2) , (6) and (7), respectively. Let v(k) = [vl(k) v2(k)]' and it is assumed that w(k) and v(k) are uncorrelated white Gaussian noise sequences [23] with covariances Q and R.
MAXIMUM LIKELIHOOD IDENTIFICATION
System identification is defined as the process of estimation of the parameters of the system model on the basis of input-output information. The estimation of the parameters is based on optimization of a criteria. Here, the Maximum Likelihood identification is selected because of its good properties [24, 25, 26] .
For the air conditioning system model the inputs are the outside temperature, solar radiation, humidity, thermostat setting, the average value of internal heat and the air conditioner rating. 
AGGREGATION
Once the parameters of the model have been identified, the model can be used for various studies. In particular, future demand is of interest. Given any sequence of inputs and outputs, the state and output for one time step in future can be predicted using Kalman Filter one-step predictor [24] [25] [26] [27] . The air conditioner demand then can be predicted using duty factor, which is the percentage of time the air conditioner stays on in an on-off cycle of the air conditioner. In terms of the output of the model,, i.e., M(k) and p(k), the duty factor at hour k is (8) Therefore, the energy consumed by the air conditioner in the hour k is given by 1421 where LD(l) is the load imposed by the air conditioner when it runs during hour k. Here two assumptions are used, namely, the house dynamics do not vary much during the hour and so the duty factor stays the same throughout the hour, and the load imposed by the air conditioner is the same whenever the air conditioner comes on during that hour.
Similarly, the parameters of another house can be identified and the energy consumption of the air conditioner of that house can be predicted.
However, the quantity of interest is the aggregate demand and energy consumption of a collection of houses. If the number of houses is very large then it will not be possible to model every house. Therefore, the houses are divided into classes according to the air conditioner ratings and a random sample from the population of each class will be picked. Now, with an assumption that the switching processes of the air conditioners are ergodic [22] , the duty factor is also equal to the probability that the given air conditioner is on during that hour. Hence, the demand imposed by an air conditioner is given by
Thus, if the sample is large enough, then the total load in that class will be equal to the average demand of the sample multiplied by the total number of the houses in the population The solid plot is of the simulated data and the broken plot is of the data obtained using the identified model.
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where TD(k) is the total demand, AD(k) is the average demand of the sample at hour k, and Nh is the number of houses in the sample of that class. Note that total demand will also be equal to the aggregate energy consumption of that hour.
Since the capacity of the air conditioners in a class is the same, the average demand can be determined as follows
where ADF(k) is the average duty factor. Here an assumption is implied, that is, all the air conditioners in a class have identical characteristics and they are connected to the same feeder in the power system. chosen. The mean duty factor and sample variance of the duty factor were calculated from the outputs of the simulated model and also from the outputs of the identified model predicted using Kalman filter expressions.
The plots of mean duty factor and sample variance of duty factor with respect to time in hours are shown in Figs. 5 and 6. From these plots, it can be noticed that the means obtained from simulated outputs and predicted outputs are very close to each other. The plots of sample variances obtained from simulated outputs and predicted outputs have the same shape but some differences are visible in their values. This error is most likely due to a small sample size. Another point visible in these plots is that the variance is higher when the mean value of the duty factor is higher.
ENERGY CONSUMPTION VS PARAMETERS
A significant application of the model is to study the sensitivity of the energy consumption to parameter changes. For this study, a test case was chosen which has the same parameters as House no. 1 in Table I . It has been assumed that there is no process and measurement noise and the parameters are exactly known. This assumption is necessary to isolate the effect of each parameter perturbation on the energy consumption. Otherwise the effect of noise and parameter perturbation will get mixed and it will be difficult to compare a case with the test case. The parameters were perturbed one at a time and the peak value of the duty factor during the day and the energy consumption of the day were determined. The results for the test case and fifteen other cases for a period of two days are tabulated in Table II The first column has the number of the house. The second column has a comment and information of change in the corresponding parameter value. The other columns list the peak duty factor, energy consumption of the day and change in the energy consumption in percent of the test case. Some interesting facts can be noticed in this table. For example, House No. 2 and 3 have higher and lower insulation in comparison to the test case and hence the peak duty factor and energy consumption decrea.sed on increasing insulation and vice-versa; but this change is not linear; a 20% increase in insulation has resulted in 3.92% decrease in energy consumption and a 20% decrease in insulation has resulted in S.87% increase in energy consumption for day 1. Siliilar results can be noticed for the second day. However, the variation with respect to thermostat band, house color and thermostat setting is linear. Also, notice that a change in the value of the wall capacitance has not affected the energy consumption significantly but the peak duty factor has changed significantly. Similar inferences can be dravn with respect to change of other parameters. Such information is quite important to home builders, who could use it to design more energy efficient homes, Also, utility companies could use this information to educate their customers.
VOLTAGE RESPONSE MODEL
Due to its general nature, the model can also be used to study the effect of change in the supply v-oltage on the air conditioning system. The voltage on a pover system may change automatically because of system conditions or it may be changed deliberately to achieve some conditions on the system. Sometimes the system voltage is reduced to alleviate the load temporarily under heavy load situations. The alterations in the system voltage affect the performance of the motor driving the air conditioner and in turn the performance of the air conditioner itself is affected. Momentary fluctuations in the system voltage will not have a significant effect on the longer time range studies because the effect would average out. However, a sustained change in voltage will have considerable effect on the motor and the air conditioner performance. In fact, the initial reduction in aggregate load may get wiped out after the air conditioners reach steady state with reduced voltaxe level. This may happen because at reduced voltage the air conditioner will romove lesser heat than at normal voltage from the house and hence, it is likely to stay on for a longer time under the same conditions. Thus, the diversity of the air conditioners reduces. To determine this effect, a mo4e1 of single-phase induction motot is developed and then it is interfaced with the air con4itioner model.
Although not exact, a good approximation is to assume that the torque on the air conditioner shaft will remain constant for small variations in voltage. Then, an expression for sensitivity of pover output of the single-phase induction motor to voltage is obtained, dP = 2s P dV (1-s) t (13) vhere P, sa and V are the values of pover output of motor, slip and voltage at the original operating point, respectively. The details of this derivation are given in reference [271.
The same sample of fourteen houses has been used. It has been assumed that all the air conditioners in a class are being driven by identical motors and all of them were operating at normal voltage. When the vQ 1-tage is reduced the air conditioners vill go through a transient state before achieving steady state at the reduced voltage. The transient period will be eqoal to the maximum of the on-off cycle times of the air conditioners. The model can be modified to study the transient period but here only the steady state has been studied.
The peak duty factor and daily energy consumption of the sample houses vith a ten percent reduction in voltage were determined and are listed in Table III 
ENERGY CONSUMPTION
On studying Table III , we notice that on reduction of voltage, the peak value of duty factor and energy consumption have increased slightly for all the air conditioners. This can be explained by observing the fact that on reducing the voltage, the percent increase in the duty factor has offset the percent reduction in the power demanded by the air conditioner. tonsequently, we notice in Table IV 
CONCLUSIONS
In this paper a fairly detailed physically-based model of the residential air conditioning system has been presented. It has been shown that the parameters of the model can be identified by making a sequence of measurements of on-off cycles of the air conditioner and the weather. The model was val idated under a variety of simulation conditions. The next step is to test the model under real life conditions. This is an excellent topic for future research.
The model presented in this paper is a significant improvement over the existing models of residenti'al cooling/heating systems [11, 12, 13, 14] . Most of the existing models have been developed with a very specific application in mind; on the other hand, the modeling methodology used her-e is much more general. Defining the duty factor as an output has made calculation of energy consumption of an individual air conditioner, and aggregate demand and energy consumption of a group of air conditioners very convenient. Also, the model has been used to study the sensitivity of the output to parameter changes and to voltage variation.
The determination of transient behavior of air conditioners will make the model suitable for other power system studies, e.g., cold-load pickup, load management etc. This is a task to be performed in future. The steady state model can be used for planning of electricity requirements of a new locality. The results of change in energy consumption on change of parameters can be useful in residential energy system design and analysis. In summary, we see that much useful information has been obtained from the model presented in this paper.
